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 Small colonies (90 – 350 μm in diameter) of the pigmented halophilic 
bacterium Halobacterium salinarium have been studied by Raman 
microspectroscopy using excitation at 632.8 nm. The Raman spectra were 
dominated by bands due to carotene compounds. The intensity of the 
pigment bands varied across the diameter of the colonies in a way that 
suggested the presence of concentric rings of higher pigment 
concentration. Although the colonies were grown in a transparent 
incubator in an open laboratory, it was demonstrated that the rings were 
not a result of the diurnal variation of light and dark. These results support 
a proposed model relating cell motility and cell concentration. 
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INTRODUCTION 
 
Vibrational spectroscopy, mainly infrared spectroscopy, has been applied to bacteria 
for many years, for example, for the purpose of developing a rapid method of 
identification.1-4 Raman spectroscopy has been less used5-9 for a number of reasons. 
Many bacteria are pigmented because the presence of carotenoid compounds giving 
rise to intense resonance Raman spectra which are similar for many microorganisms 
and not well suited to identification purposes. Other bacteria exhibit fluorescence 
which may make it difficult to collect the Raman spectrum. On the other hand the 
high spatial resolution of the Raman microprobe, as well as its confocal capability, 
has allowed spectra to be collected from single bacterial cells,10,11 a measurement 
which would be much more difficult, or impossible, with infrared spectroscopy. 
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In a previous publication we reported an infrared spectroscopic study of the growth 
cycle of the halophile H. salinarium and noted that the concentration of sulfate ion in 
the cells varied significantly during the growth cycle showing a strong increase during 
the exponential phase.12 As an extension to this work we decided to study the 
heterogeneity of bacterial microcolonies directly in order to ascertain whether growth 
cycle variation was manifested in the colony. Microcolony is defined here to mean 
colonies with a diameter less than about 350 μm. Orsini et al.13 used infrared 
microspectroscopy to study microcolonies (>200 μm diameter) of the yeast Candida 
albicans. Although they achieved a spatial resolution of only 100 μm they were able 
to show spectral differences between the centre and the periphery of the 
microcolonies which they attributed to differences in glucose uptake by the cells. IR 
microspectroscopy was found to have insufficient spatial resolution for our study 
since many of the microcolonies of H. salinarium, after about 7 days growth, are less 
than 100 μm in diameter. The minimum spatial resolution achievable in practice by IR 
microspectroscopy was about 20-30 μm because of diffraction and deteriorating 
signal-to-noise ratio. Hence, we turned to Raman microspectroscopy where a spatial 
resolution of about 1 μm can be achieved routinely.  
 
There has only been one previous report on the study of the heterogeneity of bacterial 
colonies by Raman spectroscopy.14 The report details the study of 5 microorganisms; 
two strains of each of the bacteria S. aureus and E. coli, as well as the yeast C. 
albicans by confocal microRaman spectroscopy. The authors found that there were 
small differences between spectra taken at different depths in the colonies, for 
colonies which had been grown for 12 h or longer. In other words, a layer structure 
was detected where the cells at the surface had slightly different spectra from those at 
deeper layers. For colonies grown only 6 h, no differences were found. Principal 
component analysis together with hierarchical cluster analysis were used to detect the 
small spectral differences which were then displayed as dendrograms. Only one of the 
five microorganisms, one of the strains of S. aureus, was pigmented. Hierarchical 
cluster analysis showed that the carotenoid concentration for this strain of S. aureus 
was higher at the surface of the colonies, compared with the deeper layers.  
 
This current paper reports a microRaman study of the pigment distribution within 
microcolonies of the halophilic bacterium H. salinarium. 
 3
EXPERIMENTAL 
Preparation of H. salinarium colonies 
Microcolonies of the halophile Halobacterium salinarium grown on solid growth 
medium (7 days @ 45 oC) were stamped from the agar plate onto a BaF2 window, air 
dried and used for spectral acquisition. This approach, which was pioneered by the 
Naumann group,4 transfers a spatially accurate replica of the microcolony to the 
optical substrate. An image of some typical microcolonies is shown in Fig. 1. Usually 
the microorganism was grown in a normal transparent plastic laboratory incubator and 
was subject to light variation, i.e. daylight and fluorescent room lights in the daytime, 
and darkness at night. To test for diurnal variation, samples were grown under 
constant light from an incandescent lamp. Samples were also grown in complete 
darkness by enclosing the Petri dishes in several layers of aluminium foil. 
 
Raman spectroscopy 
Raman spectra were collected using a Renishaw Model 1000 Raman microprobe 
spectrometer equipped with a single diffraction grating, an electrically cooled CCD 
detector and a 50x objective. The excitation wavelength was 633 nm. Raman line 
maps were measured along a line traversing the diameter of a microcolony using the 
computer controlled automatic stage. The measurement time for each spectrum was 
13 minutes 20 seconds (80 accumulations at 10 sec each). Despite the relatively long 
measurement time, no sample damage or deterioration of the spectrum was seen 
during the measurement. A step size of 2 μm was used. Spectra were manipulated 
using the GRAMS/32 AI software package (Galactic Corp., Salem, NH).  
 
 
RESULTS AND DISCUSSION 
 
A typical Raman spectrum of H. salinarium, in the region 1750 – 900 cm-1 using an 
excitation wavelength of 633 nm is shown in Figure 2. The spectrum is dominated by 
carotenoid bands at 1507 cm-1 (C=C str), 1151 cm-1 (C-C str), and 1003 cm-1 (C=CH 
bend, C-CH3 rock), due to resonance enhancement. Full band assignments are given 
in Table 1. Carotenoid compounds are responsible for the pigmentation of the 
colonies. A large number of carotenoid compounds exist in nature having similar but 
not identical Raman spectra. A correlation between the exact position of the C=C 
stretching band and the conjugation length of the main polyene chain has been 
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reported.17 A number of different carotenoid compounds have been reported to be 
present in different bacterial species, for example, sarcinaxanthin in R. mucilaginosa6, 
β-carotene in M. luteus,6 prodigiosin in S. marcescens18 and xanthomonadins in X. 
campestris.19  For halobacteria the carotenoids have been reported to be a mixture of 
several compounds but mainly lycopene and β-carotene.20 Despite the intensity of the 
carotenoid bands, other weaker bands can also be seen in the spectrum. In particular, 
the band at 1666 cm-1, assigned to the Amide I vibration of protein, is quite clear. 
 
When spectra were collected at different points of a microcolony of H. salinarium it 
was found that, after normalising each spectrum to the Amide I band, there was a 
wide variation in the intensity of the carotenoid bands. In order to discover if there 
was a pattern to this variation, Raman spectra were collected in a line along a 
diameter of a particular colony as shown in Fig. 1. The colony was about 92 μm in 
diameter and spectra were collected every 2 μm giving a total of 46 spectra. The area 
ratio of the intense C-C stretching band near 1151 cm-1 to the Amide I band near 1666 
cm-1 was measured and the result (shown in Fig. 3) plotted against position in the 
colony. A distinct pattern of intensity variation can be seen in Fig. 3 in that spikes of 
higher intensity with a width of about 4 μm and separated by about 10 μm are 
apparent. Repeat measurements on other colonies gave a similar result. Fig. 4 shows 
the result for a much larger colony of diameter 314 μm. In this case the higher 
intensity spikes have a width of about 4-6 μm and the separation is more variable but 
generally in the range 10-15 μm. Since the colony is expected to be radially 
symmetric, these results would seem to indicate a series of concentric rings of 
increased carotenoid concentration within the bacterial colony. 
 
One possible explanation for the variation in pigment concentration is the disparity in 
the exposure to light caused by diurnal variation during the growing of the colonies. 
Colonies were grown in a transparent perspex incubator in a normal laboratory and 
therefore, during the growth period of about 7 days, were subjected to light from the 
sun together with fluorescent lighting during the daytime, and to darkness during the 
night. It is possible that this variation of light intensity led to a difference in the 
pigment concentration of those cells which formed during the day or night. To test for 
this, colonies were grown under constant light and also in constant darkness. It was 
noted that, in the absence of light, colonies grew much more slowly. Raman spectra 
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were collected from colonies grown in light and in darkness and results are shown in 
Figs. 5 and 6. Clearly, these results show that there is still a variation in the pigment 
concentration across the diameter of the colonies in both cases of growth in constant 
light or constant darkness, and therefore diurnal variation cannot be the explanation 
for this variation. 
 
While most bacterial colonies appear to be circular and homogeneous, concentric ring 
growth patterns for bacterial colonies have been previously reported.21,22 Some kinds 
of bacterial colonies present interesting structures, which are dependent upon the 
species and culture conditions, in particular the agar content of the growth medium 
which controls its hardness. The complexity of the patterns increases as the 
environmental conditions become less favorable. Bacteria respond to these adverse 
growth conditions by adaptive coping mechanisms such as differentiation into longer 
motile organisms, production of extra-cellular wetting fluid, and secretion of 
surfactants, which change the surface tension (or the chemistry of the agar).21 The 
research conducted by Yamazaki et al.21 investigated the species Bacillus subtilis and 
Proteus mirabilis, which can both be motile using flagella if the conditions are 
conducive. 
 
The periodic dynamics which may lead to ring patterns are outlined below: 
• Consolidation phase – population of longer, more motile, bacteria 
increases  
• When population of longer, more motile, bacteria reaches a certain 
value movement occurs – migration phase. The migration phase 
involves the movement of differentiated swarmer bacteria (elongated 
and hyperflagellated).22  
• During the migration phase, there is a progressive decrease in the 
longer bacterial population, until the colony growth almost stops. This 
is the start of a new consolidation phase and the process repeats. 
 
The question of what underpins the two distinct phases, consolidation and migration  
has been answered quite satisfactorily by Yamazaki et al.21 The concentric ring 
patterns resulting from consolidation and migration are due to the existence of a 
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physical mechanism rather than biological factors (biological clock) or chemical 
factors (chemotaxis as inhibitor).  That is, the periodic change is determined by local 
cell density at the growth front of the colony.  
 
Lacasta et al., who also studied the microorganism B. subtilis, proposed a reaction-
diffusion model for bacterial growth which included increased movement brought 
about by the bacterial cells when the growth conditions are adverse.22 By changing 
parameters related to nutrient concentration and hardness of the growth medium their 
model was able to reproduce all colony patterns found experimentally. 
 
While the above reports are restricted to two microorganisms, B. subtilis and P. 
mirabilis, similar arguments can be put forward for the possibility of ring structures in 
other species such as H.  salinarium, which can be motile, by lophotrichous flagella, a 
flagellar bundle that is composed of 5-10 flagellar filaments.23  However, it should be 
noted that the colony structures mentioned above are apparent on a macro scale in 
colonies up to 8 cm in diameter.21 In our microcolonies, which have a diameter in the 
range 90 – 350 μm, the ring structure is not visible and was only detected by Raman 
spectroscopy. Nevertheless it does seem that ring structures may arise under certain 
growth conditions and this may be the explanation for our observations. Hence our 
results contribute to the notion put forward by Yamazaki et al.21 that there may be a 
universal mechanism for bacterial colony growth into concentric ring patterns. 
 
CONCLUSIONS 
MicroRaman studies of micocolonies of the halophile H. salinarium have shown that 
the pigment carotenes occur in concentric rings of higher concentration. While ring 
structures have been reported before for certain bacterial species under particular 
growth conditions, they have not been reported for microcolonies as a result of a 
spectroscopic study. A possible explanation for the phenomenon is related to the 
periodic variation in the motility of the bacterial cells caused by local cell population. 
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Table 1. Band assignments for the Raman spectrum of H. salinarium for the spectral 
region 1800 – 900 cm-1 5,8,15,16 
 
Wavenumber 
(cm-1) 
 
Assignment Biochemical component 
1666 υ(C=O)  Protein: Amide I  
1573  guanine, adenine (ring 
stretching)  
Nucleic acids: guanine, adenine (ring 
stretching) 
1507 υ(C=C)  in phase stretching   Carotene 
1448 δ(CH2)   Carbohydrate, Lipid and Protein: 
Constituents of the Gram-negative 
outer membrane and cell wall viz: 
lipopolysaccharides, lipoproteins, 
phospholipids, proteins, prins and 
peptidoglycan 
1391  δ(CH3)  Carotene  
1285 δ(CNH) amide III  Protein: Amide III 
1285 υ(C-C) + δ(C-C-H)  Carotene 
1191 υ(C-CH3)  Carotene 
1151 υ(C-C)  Carotene [C14-C15 stretches coupled to 
C15-H in-plane bending]  
1003 δ(C=CH)  Carotene [methyl  in-plane rocking 
vibrations] 
961 C–H out-of-plane bending 
modes  
Carotene 
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FIGURE CAPTIONS 
 
1. Typical microcolonies of H. salinarium grown on agar and stamped onto a BaF2 
plate. The colony marked A was 92 μm in diameter. 
 
2. Raman spectrum in the region 1750 – 900 cm-1 of the microorganism H. salinarium 
 
3. Plot showing the variation of the ratio of the area of the pigment band at 1151 cm-1 
to that of the Amide 1 band with position across the diameter of a 92 μm diameter 
colony. 
 
4. Plot of data similar to that shown in Fig. 3 but for a larger (314 μm) diameter 
colony. 
 
5. Plot of data similar to that shown in Fig. 3 but for a colony grown under constant 
light conditions 
 
6. Data similar to that shown in Fig. 5 but for a colony grown in constant darkness  
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